The release of the first reference genome of walnut (Juglans regia L.) enabled many achievements 28 in the characterization of walnut genetic and functional variation. However, it is highly 29 fragmented, preventing the integration of genetic, transcriptomic, and proteomic information to 30 fully elucidate walnut biological processes. Here we report the new chromosome-scale assembly 31 of the walnut reference genome (Chandler v2.0) obtained by combining Oxford Nanopore long-32 read sequencing with chromosome conformation capture (Hi-C) technology. Relative to the 33 previous reference genome, the new assembly features an 84.4-fold increase in N50 size, and the 34 full sequence of all 16 chromosomal pseudomolecules, nine of which present telomere sequences 35 at both ends. Using full-length transcripts from single-molecule real-time sequencing, we predicted 36 40,491 gene models, with a mean gene length higher than the previous gene annotations. Most of 37 the new protein-coding genes (90%) are full-length, which represents a significant improvement 38 compared to Chandler v1.0 (only 48%). We then tested the potential impact of the new 39 chromosome-level genome on different areas of walnut research. By studying the proteome 40 changes occurring during catkin development, we observed that the virtual proteome obtained 41 from Chandler v2.0 presents fewer artifacts than the previous reference genome, enabling the 42 identification of a new potential pollen allergen in walnut. Also, the new chromosome-scale 43 genome facilitates in-depth studies of intraspecies genetic diversity by revealing previously 44 undetected autozygous regions in Chandler, likely resulting from inbreeding, and 195 genomic 45 regions highly differentiated between Western and Eastern walnut cultivars. Overall, Chandler 46 v2.0 is a valuable resource to understand and explore walnut biology better.
Even though the total number of scaffolds (> 1 Kb) was reduced by 80% compared to Chandler 136 v1.0 (Table 1) , the new hybrid assembly was still fragmented. To improve the assembly further 137 and build chromosome-scale scaffolds, we applied Hi-C sequencing, which is based on proximity 138 ligation of DNA fragments in their natural conformation within the nucleus (Belton et al. 2012) . 139 The HiRise scaffolding pipeline processed 356 million paired-end 100-bp Illumina reads to 140 generate the HiRise assembly, which contained 2,656 scaffolds longer than 1 kb ( Table 1) . The 141 top 17 scaffolds from this assembly spanned more than 90% of the total assembly length, with a 142 scaffold length ranging from 19.6 to 45.2 Mb (Supplemental Figure S1-S2) . As compared to the 143 previous (1.0) assembly, the Chandler genome contiguity increased dramatically, with an N50 size 144 98% higher than Chandler v1.0 and only 0.04% of the genome in gaps.
145
Validation of the HiRise assembly 146 To assess the quality of the HiRise assembly, we used two independent sources of data. First, we 147 used the single nucleotide polymorphism (SNP) markers mapped on the high-density genetic map 148 of Chandler recently described by (Marrano et al. 2019) . Out of the 8,080 SNPs mapped into 16 149 linkage groups (LGs), 6,894 had probes aligning uniquely on the HiRise assembly with 98% of 150 identity for more than 95% of their length. A total of 35 scaffolds of the HiRise assembly could be 151 anchored to a chromosomal linkage group by at least one SNP (Figure 1) . In particular, 13 LGs 152 were spanned by a single HiRise scaffold, while two to three scaffolds each aligned the remaining 153 three LGs. Second, we anchored the HiRise assembly to the Chandler genetic map used by (Luo et al. 2015) 159 to construct a walnut physical map. In total, 972 of the mapped markers (1,525 SNPs) aligned 160 uniquely on the same 35 HiRise scaffolds anchored to the linkage map mentioned above. Overall, 161 we observed almost perfect collinearity between the HiRise assembly and both Chandler genetic 162 maps (Figure 1, Supplemental Figure S3 ). Therefore, we oriented, ordered, and named the These 16 contiguous chromosomal scaffolds account for 95% of the final walnut reference genome 166 v2.0, with an N50 size of 35 Mb. Chandler v2.0 has a total length of 576,258,700 bps, of which 167 only 20.9 Mb are fragmented in 2,631 small unanchored scaffolds (> 1 kb; Table 1) and, therefore, difficult to anchor to linkage genetic maps (Luo et al. 2015) , as also suggested by 175 the higher fixation index (F) observed in Chandler (0.03) than Serr (-0.29) in previous genetic 176 surveys (Marrano et al. 2018) . 177 We identified telomere sequences at both ends for nine of the chromosome scaffolds, on one end 178 of the other seven chromosomes and one end of seven unanchored scaffolds. Also, all 16 179 chromosomes had centromeric repeats in the middle, alongside regions with low recombination 180 rates (Figure 2) . 181 To assess the sequence accuracy of Chandler v2.0, we first compared the scaffold sequences of 182 Chandler v2.0 with the previous version of the walnut reference genome, generating 838,173 183 alignments with sequence identity averaging 94.11%. We then mapped the Illumina whole-184 genome shotgun data (Martínez-García et al., 2016) against the new chromosome-scale genome.
185
The alignment resulted in 64,950,691,681 bps mapped, of which 407,450,406 were single-base 186 mismatches, consistent with an Illumina sequence accuracy rate of 99.5%. were the most abundant type of repeats, with retrotransposons at 18.55% and DNA transposons at 200 3.05%. Gypsies (6.58%) and Copias (4.1%) were the most represented classes of long-terminal 201 retrotransposons (LTR), and, though widely dispersed throughout the genome, they were was the largest class of non-LTRs at 6.98% of the genome. Simple repeats (4.29%) and low-207 complexity regions (0.26%) were also found.
208
PacBio IsoSeq sequencing and gene annotation 209 A fragmented reference genome can severely hamper the accuracy of gene prediction, because 210 many genes will be broken across multiple small contigs (false negatives), and because multiple 211 fragments of the same gene may be annotated separately (false positives). Also, transcriptome 212 assemblies generated using second-generation (Illumina) sequencing data are likely to miss many 213 transcripts due to the very short read lengths (Minoche et al. 2015) .
214
To improve the gene prediction accuracy of Chandler v2.0, we used the "Isoform Sequencing" 215 (Iso-Seq) method, developed by Pacific Biosciences (PacBio), which can generate full-length 216 transcripts up to 10 kb, allowing for accurate determination of exon-intron structure by alignment 217 of the transcripts to the assembly (Rhoads and Au 2015). The high error rate of PacBio sequencing 218 can be greatly reduced using circular consensus sequence (CCS), in which a transcript is 219 circularized and then sequenced repeatedly to self-correct the errors. We applied PacBio IsoSeq to 220 sequence full-length transcripts from nine tissues, chosen to cover most of the transcript diversity 221 in walnut ( Supplemental Table S3 ). Across the four SMRT cells, we obtained 26,328,087 222 subreads with a mean length of 1,188 bp ( Supplemental Table S4 ) and CCSs ranging from 13K 223 to 142K per library (Supplemental Table S5 ). Out of the 745,730 full-length non-chimeric (FLnc) 224 transcripts, 68,225 were classified as high quality, FL (HQ FL) consensus transcript sequences, 225 with an average length of 1,357 bp ( Supplemental Table S5 ). Catkin 1-inch elongated (CAT1), 226 shoot, and root yielded the lowest number of HQ FL transcripts, while pollen and leaf had the 227 lowest number of HQ consensus clusters obtained per CCS after polishing (Supplemental Table   228 S5). These results can be explained by lower cDNA quality or fewer inserts of full-length 229 transcripts from these tissues during the cDNA pooling and library preparation. Nevertheless, more 230 than 99% of the HQ FL transcripts aligned onto the new chromosomal-level walnut reference 231 genome ( Supplemental Table S6 ).
232
By combining the HQ FL transcripts with available Juglans transcriptome sequences, we identified 233 40,491 gene models, which are more than those annotated in Chandler v1.0 but fewer than the 234 predicted genes in the NCBI RefSeq J. regia annotation generated with the first version of the 235 reference genome ( Table 2 ). This result suggests that the new chromosome-scale genome, along 236 with the availability of full-length transcripts, allowed us to identify genes missed during the 237 annotation of Chandler v1.0, as well as to remove false-positive predictions. Also, the mean gene 238 length in Chandler v2.0 was higher than the previous gene annotations ( The average gene density of Chandler v2.0 was 19.28 genes per 100 kb, with higher gene content 2016), respectively. Thus, the failure to identify these genes in Chandler v1.0 was most likely 255 related to its low contiguity than to the lack of the gene transcripts in the RNA-seq data.
256
Out of the 41,081 transcripts identified, 84% were multi-exonic, with, on average, 5.94 exons each 257 and a mean exon length of 257.2 bp ( Table 2) . The mean number of introns per gene was 5.9, with of gene prediction accuracy, we studied the impact of a contiguous genome on proteomic analysis.
292
A virtual proteome, which includes all protein sequences predicted from a reference genome, is 293 generally used to map and assign the peptides detected in mass spectrometry (MS) to specific 294 protein-coding genes. Therefore, a fragmented assembly of the reference genome can lead to an 295 inaccurate prediction of a species' proteome and, then, a miss-identification of the proteins 296 expressed in specific tissues at particular stages (Jamet and Santoni 2018).
297
We analyzed the proteomic data generated from samples encompassing different developing stages fundamental to fully understand the molecular bases of the observed phenotypic traits.
308
Sample clustering according to their protein constituents and levels showed greater similarity 309 between immature and mature catkins and a more distinct profile between senescent catkins and 310 pure pollen (Figure 3) . proteins not yet registered in the allergen database but predicted in Chandler v2 as potential 322 allergens ( Supplemental Table S9 ). Four of the eight recognized allergenic proteins were detected 323 in at least one of the catkin developmental stages, with Jug_r_5 (XP_018825777 | Jr12_10750) 324 and Jug_r_7 (XP_018808763 | Jr07_28960) present in all sample types, including pollen 325 (Supplemental Table S10 ). Three of the new potential allergens ( Supplemental Table S10 allergen Jug_r_9 was highly expressed in catkins (Supplemental Tables S11-S12). Also,
339
Jr12_05180 transcripts were not detected in any of the 20 tissues but catkin, thus confirming the 340 strong specificity of Jug_r_9 for catkin and pollen tissue ( Supplemental Table S12 ). Modeling 341 the structure of this putative allergen reveals four predicted disulfide bonds, potentially conferring 342 heat and protease-resistance, and further suggesting allergenic properties (Figure 4) . Future 343 studies will clarify the functional role of this protein and its allergenic nature. Supplemental Table S13 ). Fifty-six 1-Mb-regions exhibited less than 377.5 SNPs (10 th percentile 364 of the genome-wide SNP number distribution), and chromosomes 15, 1, 7, and 13 were the top 365 four chromosomes in the number of low heterozygous regions ( Supplemental Table S14 ). In Supplemental Table S15 ). 395 We further investigated the contribution of inbreeding to the high level of autozygosity on Chr 15 396 by visualizing the inheritance of haplotype-blocks (HB; genomic regions with little recombination) 397 across the Chandler pedigree (Figure 5B, Supplemental Figure S10 ). We observed that Payne 398 accounts for the entire Chandler genetic makeup (19 HBs for the total length of Chr15) inherited 399 from Pedro (mother), where only one HB (2,08 Mb) shared the same allele of Conway-Mayette 400 (maternal-grandfather; Figure 5A ). Regarding the paternal genetic makeup of Chandler, 13 out of 401 19 HBs (9,05 Mb) on Chr15 inherited Payne alleles, providing further evidence of high inbreeding 402 on this chromosome (Figure 5A) . This is even more evident in assessing the number of alleles We used the resequencing data generated for 23 founders of the Walnut Improvement Program of 431 the University of California, Davis (UCD-WIP; Supplemental Table S16 ) (Stevens et al. 2018) 432 to study the genome-wide genetic differentiation among walnut genotypes of different 433 geographical provenance. We identified 14,988,422 SNPs, and over 97% of them were distributed 
443
At a genomic level, we found a moderate differentiation (FST = 0.15) between Western and Eastern 444 genotypes, except for 195 genomic windows (100 kb) that showed substantially high population 445 differences (FST ≥ 0.36; top 5% in the whole genome). In particular, chromosomes 7, 5, 1, 4, and 446 2 presented about 70% of the divergent sites (Figure 2; Supplemental Figure S12 ). As suggested 447 by the mean reduction of diversity coefficient (ROD) value (0.41), in most of the genomic regions 448 highly differentiated, the UCD-WIP founders from the USA and Europe showed lower nucleotide 449 diversity (π = 2.5 x 10 -4 ) than the Asian genotypes (π = 5.0 x 10 -4 ), consistent with (Bernard et al. (Figure 2; Supplemental Figure S12 ). The proximity of our eastern genotypes to the 451 supposed walnut center of domestication in Central Asia can explain the high level of diversity 452 observed in this subgroup.
453
More than 60% (122) of the highly differentiated windows showed a negative value of Tajima's 454 D in the EU/USA subgroup (DOcc = -1.12), thus, suggesting that selection has been likely acting 455 on these genomic regions in the Western genotypes (Supplemental Figure S12) . Here we found 456 743 genes, with GO biological categories mostly related to signal transduction, embryo 457 development, and response to stresses ( Supplemental Table S17 ). Ten candidate selective sweeps 458 (DAsia = -0.54) were also observed in the Eastern group (Supplemental Figure S12) , which 459 included 57 predicted genes, related to terpenoid biosynthesis, post-embryonic development, and 460 signal transduction ( Supplemental Table S18 ). 461 Recently, many marker-trait associations have been reported for different traits of interest in Table S19 ). In both of these regions, Western genotypes presented lower genetic diversity and 468 lower values of Tajima's D than the Eastern walnuts. These findings may suggest that, while a 469 selective pressure for nut shape may have occurred in the EU/USA subgroups, higher phenotypic 470 variability can be expected for these traits in the Eastern countries. We also found that the locus Supplemental Table S19 ). Looking at the phenotypic effect of this SNP 474 on the harvest date of the 23 founders, we observed that most of the western genotypes are later 475 harvesting than the eastern (Supplemental Figure S13 ), suggesting differences in the timing of 700K SNP array were aligned onto the HiRise assembly filtering out alignments with 537 probe/reference identity lower than 98%, covering less than 95% of the probe length or aligning 538 multiple times on the genome. Retained markers with a unique segregation profile were then used 539 to anchor the HiRise scaffolds. The same procedure was also followed to anchor the HiRise 540 assembly to the Chandler genetic map used to construct a walnut bacterial artificial chromosome 541 (BAC) clone-based physical map by (Luo et al. 2015) . The final ordering of scaffolds was 542 28 performed by taking into consideration the marker genetic map position, and, in the final sequence, 543 consecutive scaffolds were separated by sequences of 100,000 Ns.
544
The tandem repeat finder program (trf v4.09; (Benson 1999) was run using the recommended 545 parameters (max mismatch delta PM PI minscore maxperiod, 2 7 7 80 10 50 500 resp.) to identify 546 repeat elements up to 500 bp long. A histogram of repeat unit lengths was generated, and peaks at 547 7, 29, 33, 44, 154, and 308 bp were identified. From this data, a consensus sequence corresponding 548 to each peak was selected. All of these repeat sequences were aligned onto the HiRise assembly 
558

RNA preparation 559
Five walnut tissues (leaf, catkin 1-inch elongated; catkin 3-inches elongated, pistillate flower, and 560 pollen) were collected from 'Chandler' trees at the UCD walnut orchards. Four additional samples 561 (somatic embryo, callus, shoot, and roots) were taken from tissue culture material of 'Chandler'.
562
Several grams of each tissue were ground in liquid nitrogen and with insoluble 563 polyvinylpyrrolidone (PVPP; 1% w/w). RNA was isolated using the PureLink™ Plant RNA 564 29 Reagent (Invitrogen TM , Carlsbad, CA) following the manufacturer's instructions, but with an 565 additional end wash in 1 mL of 75% Ethanol. For root tissue only, RNA isolation was performed 566 using the MagMAX TM mirVana TM Total RNA Isolation Kit (Applied Biosystems TM , Foster City, 567 CA) as per protocol, except for the lysis step. A different lysis buffer was created adding 100 mg 568 of sodium metabisulfite to 10 mL of guanidine buffer (guanidine thiocyanate 4M, sodium acetate 569 0.2M, EDTA 25 mM, PVP-40 2.5%, pH 5.0) and 1 mL of nuclease-free water. Then, 100 mg of 570 ground root tissue were lysed in 1 mL of the new lysis buffer using a Tissue Lyser at max frequency 571 for 2 min. The lysate was centrifuged at 4° C for 5 min at max speed. The supernatant (500 µL) 572 was transferred to a new tube for the following steps of RNA isolation as per protocol. RNA 573 samples were then purified, and DNase treated using the RNeasy Plant Mini Kit (Qiagen, Hilden, Genome Center. FL double-stranded cDNA was generated from total RNA (2 µg per tissue) using 580 the Lexogen Telo TM prime Full-length cDNA Kit (Lexogen, Inc., Greenland, NH, USA). Tissue-581 specific cDNAs were first barcoded by PCR (16-19 cycles) using IDT barcoded primers 582 (Integrated DNA Technologies, Inc., Coralville, Iowa), and then bead-size selected with AMPure 583 PB beads (two different size fractions of 1X and 0.4X). The nine cDNAs were pooled in equimolar 584 ratios and used to prepare a SMRTbell™ library using the PacBio Template Prep Kit (PacBio, 585 Menlo Park, CA). The SMRTbell™ library was then sequenced across four Sequel v2 SMRT cells 586 with polymerase 2.1 and chemistry 2.1 (P2.1C2.1).
587
PacBio raw reads were processed using the Isoseq3 v.3.0 workflow following PacBio 588 recommendations (https://github.com/PacificBiosciences/IsoSeq3). Circular consensus sequences 589 (CCSs) were generated using the program 'ccs'
